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GLOSSARY  OP  ISDIS 


Salf-aotlna  -  (lied  intarcha&geably  with  hydrcdyaamlc)  -  a  bearing  lyitam  in 
which  the  Journal  and  bearing  are  separated  by  a  fluid  film 
resulting  from  pressures  generated  by  relative  displacement  and 
motion  of  the  surfaces. 

Externally  Pressurised  -  (Used  interchangeably  with  hydrostatic)  -  a  bearing 

system  in  which  the  Journal  is  separated  from  the  bearing  by  fluid 
film  established  due  to  introduction  of  pressurized  fluid  into  the 
clearance  between  them, 

Hybrid  Bearings  -  A  bearing  system  combining  self  acting  and  externally  pressurized 
features . 

Steady  State  Performance  -  A  condition  at  which  the  fluid  film  pressure  is 

distributed  independently  of  tine,  i.e.,  stationary  Journal  axis. 

Dynamic  Performance  -  A  condition  under  which  the  axes  of  the  Journal  moves  so 
that  local  gaa  film  pressures  vary  with  tine.  Examples  of  dynamic 
operation  are: 

a.  Start-up  and  shutdown  transients 

b.  Motion  excited  by  rotating  load 

c.  Motion  excited  by  reciprocating  load 

d.  Bearing  initability  (H.F.W.,  F.F.  V.,  and 
synchronous  whirl  as  described  in  this  paper) 

Whirl  Ratio  -  Ratio  of  frequency  of  shaft  rotation  to  frequency  of  shaft  whirl. 
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Radial  Clearance,  1  inch 
Bearing  Load,  lbs. 
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Polar  Mocaent  of  Inertia,  #/Bec,  /in. 
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Translatory  Moment  of  Inertia,  #/sec.  /in. 

Radial  Bearing  Stiffness,  #/inch 

Evaluated  at  do^,  #/inch 

H.F.W.  -  Conical  Whip,  rad/sec. 
H.F.W.  -  Translatory  Wh.ip,  rad/sec, 


Radial  Stiffness  Under  Misaligned  Conditions 
Static  Spring  Stiffener 
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Radial  Translatory  Stiffness 
Angular  Velocity,  rad, /sec. 
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Bearing  Length,  inches 
Mass, 
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Ambient  Pressure,  psia 
Bearing  Radius,  inches 
Eccentricity  Ratio 
Compressibility  Number 
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Attitude  Angle,  degree 
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I.  IKTROWCnOK 


The  theory  of  extorcitlly  pressurized  bearings,  despite  valuable  contributions 
by  scene  Investigators ,  is  still  in  its  initial  stages  of  evolution.  Most  of 
the  solutions  presently  available  (Refs.  1,  2,  3,  4,  page  18)  disregard 
rotational  effects  and  as  such  can  only  he  used  with  fair  accuracy  to  determine 
the  static  load  oarryir.g  capacity  of  externally  pressurized  bearings.  Hov/ever, 
since  shaft  rotation  can  have  serious  effects  on  the  performance  of  externally 
pressurized  bearings,  it  must  be  included  in  any  analysis  if  the  latter  is  to 
serve  as  a  useful  and  reliable  tool  to  the  designer  of  systems  utilizing  hybrid 
(hydrodynamic-hydrostatic)  gas  bearings.  The  effects  of  rotation  can  be  divided 
into  two  categories: 

1.  Effect  of  rotation  on  load  carrying  capacity 
and  flow, 

2.  Effects  of  rotation  on  dynamic  performance  of  a 
rotor-bearing  system. 

Regarding  the  first  category,  a  recent  theoretical  analysis  which  includes  the 
effects  of  rotation,  shows  that  the  hydrodynamic  effect  may  or  nay  not  have  a 
significant  influence  on  the  hydrostatic  load  capacity;  its  effect  depends  upon 
the  operating  conditions  (Ref.  5,  page  18).  Effects  of  rotation  on  the  dynamic 
behavior  of  the  rotor-bearing  system,  hcvever,  can  be  quite  severe  and  plagued 
by  various  types  of  instabilities  which  have  bean  recognized  and  can  broadly  be 
defined  as: 

1 .  Critical  Sneed 

This  is  a  rotating  speed  of  a  journal  which  corresponds  to  the 
•  resonant  frequencies  of  the  system.  (The  system  critical  speeds 

include  rigid  body  as  well  as  bending  or  torsional  critical  speeds). 


2.  H*lf-rrtqu»aoy  Whirl 


A  ipacial  cate  of  Inateblllty  ganartll;  eiaoctated  with  Mlf-aetlng 
Journal  beer Inga.  This  inatabtllty  oecuri  vhen  the  Journal  apeed 
reachea  a  critical  value.  The  Journal  axia  vhirla  at  a  frequency 
of  one*half  or  nearly  one-half  of  the  journal  apeed  in  Che  aane 
direction  aa  Che  Journel  rotation.  The  notion  of  the  Journal  axia 
can  be  either  conical  or  tranalatory. 

3.  Fractional-Frequency  Whirl 

The  aubjact  phenonenon  ia  a  apecial  caie  of  inatability  genarally 
aaaociatad  with  hybrid  Journal  bearingi.  Thia  Inatability  occura 
vhen  Che  Journal  apeed  reachea  a  critical  value.  The  Journal  exit 
vhirla  at  a  frequency  which  ia  a  fraction  of  Che  Journal  apeed  in 
Che  aane  direction  aa  the  Journal  rotation.  The  motion  of  the 
Journal  axia  can  be  either  conical  or  tranalatory.  (The  expraaalon 
for  the  ftaotlonal  frequency  ia  given  in  aquation  U,  (page  15). 
and  in  the  linit  where  aelf •acting  foroea  predominate,  It  approaehea 
Che  half* frequency  whirl). 

4. 

Thia  ia  a  aelf-excited  oacillation  in  the  flow  ayatem  of  an  externally 
preaauriiad  bearing.  Thia  eaoillatien  doaa  not  noceaaarily  require 
ahaft  rotation. 
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IX.  TEST  KQflPMOnr 


Figure  1  praaentB  a  picture  of  the  teat  rig  which  conalata  of  a  houalng 
Incorporating  two  Journal  bearings,  the  length  of  which  can  be  changed  up 
to  2  Inches  maximum.  The  shaft  is  2  Inches  in  diameter  and  accomnedatea  a 
Terry type  Impulse  drive  turbine  on  one  end.  The  turbine  emplays  full  arc 
admission  to  minimise  aerodynamic  forces  on  the  rotor,  k  duamy  wheel  la 
mounted  on  the  other  end  of  the  rotor  to  provide  rotor  symnatry,  decrease 
coastdown  time,  serve  as  a  speed  signal  generating  device,  and  a  direction 
of  rotation  reveraer. 

The  bearings  (leaded-bronse)  are  externally  fed  through  a  total  of  eight 
orifices  per  bearing  with  all  connections  extending  to  a  eccsnen  manifold  for 
each  Individual  bearing.  The  orifice  holder  (figure  2,  page  24)  Includes  a 
removable  orifice  Insert  to  facilitate  quick  orifice  ehanges.  Zn  addition 
to  the  replaceable  orifices,  fixed  orifices  (.052  Inch)  are  permanently 
Incorporated  In  the  Journal  bearing.  This  series  orifice  combination  provides 
a  means  for  changing  the  feeding  system  from  orifice  compensation  to  a  combi¬ 
nation  of  orlf Ice-lnherent  compensation,  or  pure-inherent  compensation  through 
changes  In  replaceable  orifice  diameter  and  clearance. 

Each  bearing  Is  fed  via  flowmeters  shown  In  figure  1,  The  two  meters  shown 
for  each  bearing  cover  a  range  frco  0  •  1.5  scfm  with  accuracy  ranging  from 
2%  -  8%  of  measured  flew.  Freseure  gages  calibrated  to  Indicate  absolute 
pressure  with  accuracy  of  ±  .5  pel  are  used  to  register  supply  pressure  levels. 

Loading  Is  accomplished  through  an  air  piston  connected  through  a  flexible  foil 
to  a  180°  recessed  gas  Journal  bearing.  The  piston  pulls  against  the  foil  which, 
in  turn,  applies  a  uniform  load  to  the  shaft.  Since  this  system  permits  uniform 
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and  indirect  (through  air  film)  load  application,  damping  applied  throiigh  the 
loading  device  which  may  effect  onsets  of  instability  can  be  considered 
negligible.  Due  to  instability  encountered  on  the  loader  bearing  above 
40,000  rpm,  the  use  of  the  same  had  to  be  restricted  to  speeds  below  that 
level.  The  nature  of  this  instability  was  not  determined;  hwever,  it  should 
be  noted  for  future  references  that  the  bearing  was  2  inches  in  diameter  with 
0.001  Inch  radial  clearance  and  a  recessed  depth  of  0.0003  inch,  with  3/16  inch 
wide  lands  running  around  the  entire  perimeter.  A  centrally  located  0.25  inch 
diameter  hole  was  used  to  admit  external  air  under  pressure. 

Each  bearing  end  la  supplied  with  four  capacitive  probes  placed  90°  apart  with 
the  output  of  each  fed  directly  through  proximity  meters  to  a  cathode-ray 
oscilloscope  (CRO).  Calibration  of  the  CRO  screen  with  the  probe  input  permits 
determination  of  shaft  position  with  accuracy  of  +  25  x  10*^  inchea  or  better. 

The  same  probe  outputs  are  also  used  to  determine  frequency  of  oscillation, 
crltlcals  and  phase  relationships  between  both  ends. 

Two  thrust  plates  externally  pressurlaed  through  0  -  0.020  inch  diameter  orifices, 
as  shewn  in  figure  3,  are  used  to  contain  the  rotor  In  the  axial  direction.  Total 
axial  play  amounts  to  0.004  inch. 

The  entire  unit  is  mounted  on  a  heavy  steel  table  which  In  turn  la  mounted  on 
vibration  isolation  pads  to  reduce  effects  of  building  vibrations. 
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III.  DISCUSSION  OF  TEST  RESULTS 

A,  Inatibllltles 

1 .  Criticals  •’ 

In  all  tests  described  In  this  report,  two  critical  speeds  were 
observed  in  the  safe  operating  speed  range  of  the  rotor.  The  lower 
critical  corresponded  Co  the  conical  node.  This  conical  whirl  per¬ 
sisted  up  to  the  second  critical.  If  one  Is  to  utilize  the  criterion 
for  conical  criticals  described  in  Ref.  9  (page  18)  then 


.iK, 


and  where  the  critical  frequency  occurs  at  frequency  of  one  per  rev., 
n  ■  1  and  *  i 

I  K,t2Kj 

where  K3  is  the  radial  stiffness  under  misaligned  conditions,  K3 
can  be  evaluated  by  making  simplifying  assumptions  about  end  effects, 
and  by  assuming  that  each  elemental  length  of  the  bearing  contributes 
equally  to  the  linear  stiffness,  Thus: 

k,  -  L‘  k. 

The  translatory  critical  is  a  function  of  film  stiffness  and  can  be 
expressed  as; 

^  AKr  (3) 

Substituting  (2)  in  (1)  and  combining  (1)  and  (3),  one  obtains  the 
ratio  of  translatory  to  conical  criticals  for  a  two  bearing  system. 


Kt 


(4) 
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Assuming  further  that  Kj  ■  Kg  (l.e.,  the  two  critlcals  are  not  too 
far  apart  in  speed  and  therefore  the  stiffnesses  are  not  too  different), 
then  the  ratio  of  crlticals,  knowing  the  translatory  and  polar  momentu 
of  inertia,  bearing  span,  bearing  length,  and  mass  of  rotor  can  be 
easily  computed  from  equation  4,  For  our  case: 

1^  -  0.612  #  sec. 2  -  in. 

Ip  -  0.0172  #  sec.^  -  in. 

m  ■  0.0341#- sec . ^ 
in. 

1  -  6.487  in. 

L  ■  1  in. 

and  -  1.285 
OJ  c 

Table  1  presents  the  test  results  in  terms  of  critlcals  and  onset  of 
£raetlonal«£requency  whirl  for  all  conditions  observed.  The  Icwest 
critical  listed  In  column  3  corresponds  to  the  conical  mode  Induced  by 
gyroscopic  rotor  effects  (equation  1).  CoUmn  4  lists  the  next  critical 
corresponding  to  the  translatory  mode  (equation  3).  Column  5  i.lvea  the 
onset  of  fractional- frequency  whirl.  Values  of  critlcals  for  C  •  0.0005 
inch  given  in  this  table  had  to  be  calculated  since  the  amplitude  of 
vibration  with  this  particular  clearance  was  too  lew  to  permit  accurate 
measurements.  The  ratio  of  critlcals  as  given  in  colisnn  6  varies  between 
1.235  •  1.65,  and  does  not  remain  constant  at  1.285  as  calculated  above 
and  based  on  Kt  ■  Kc-  The  variation  appears  to  be  a  function  of  orifice 
size,  clearance  and  pressure  at  conditions  of  constant  load  under  which 
those  tests  were  performed.  Column  7  gives  ratios  of  onset  of  fractional 
frequency  whirl  tc'  lowest  systerr.  critical. 
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A  comparison  betveen  calculated  values  and  test  values  of  the  conical 
and  tranalatory  crltlcals  Is  given  In  Table  2.  The  calculated  crltlcals 
are  based  on  equation  3  where  the  film  stiffness  has  been  obtained 
from  test  results  on  load  carrying  capacity  at  a  given  load  of  6.57  lbs. 
par  bearing.  Theoretical  values  based  upon  the  theoretically  derived 
stiffness  are  also  given.  The  test  values  obtained  have  then  been  reduced 
by  a  factor  cf  1.285  to  yield  calculated  values  of  conical  crltlcals.  Is 
can  be  seen,  Che  correlation  of  calculated  and  test  values  for  the  trans- 
latory  crltlcals  is  good.  Only  fair  agreement  exists  between  calculated 
and  teat  values  of  conical  crltlcals.  This  is  probably  due  to  the  sim¬ 
plifying  assumptions  made  in  calculating  the  conical  stiffness. 

2,  Pneumatic  Hammer 

The  instability  kn«?n  as  pneumatic  hammer  was  encountered  in  one  bearing 
geometry  (L/D  -  .5,  D  ■  2.00  inches,  Pg  “  ^20  psia,  C  ■  0.001  inch, 
a  ■  0.0055  Inch).  The  instability  was  severe  enough  to  prevent  safe 
operation.  Further  investigation  of  this  phenomenon  at  ?g  ■  150  and 
eero  RFM  showed  that  air  hamer  persisted  up  to  loads  of  4.5  lbs.  per 
bearing  and  at  higher  leads  it  disappeared.  When  unstable,  vibrations 
occurred  in  linewith  load  only  (vertical  plane)  at  a  frequency  of  249  cps 
and  were  sinusoidal  in  form.  At  200  psia  vibrations  persisted  up  to 
bearing  loads  of  12  lbs.  per  bearing,  again  sinusoidal,  and  in  Che 
vertical  plane  only  at  a  frequency  of  269  cps. 

Pneumatic  hammer  investigation  was  not  included  in  the  scope  of  this 
program;  however,  pneumatic  hammer  appears  to  be  a  function  of  bearing 
geometry,  supply  pressure  and  bearing  load.  The  frequency  of  oscillation 
seems  to  be  unaffected  by  load,  and  affected  by  supply  pressure  only  for 
a  constant  bearing  geometry. 


3.  FractlonaUFreouencv  Whirl 


The  results  obtained  In  this  series  of  tests  on  onset  of  fractional 
frequency  whirl  are  presented  in  figures  4-9.  Figures  4-6  show 
the  effect  of  orifice  size  on  onset  of  fractional- frequency  whirl  at 
various  pressures  keeping  all  ocher  factors  constant.  The  variation 
in  orifice  size  is  accomplished  through  orifice  insert  change  only, 
leaving  the  0.052  inch  diameter  bearing  orifices  in  the  system.  This 
results  in  inherent  rather  chan  orifice  compensation  and,  as  such,  has 
to  be  taken  into  consideration  when  analysis  is  made  for  ccmparison  with 
test  data.  For  the  conditions  represented  in  figure  4,  the  orifice  size 
appears  to  have  little  or  no  effect  on  the  onset  of  fractional- frequency 
whirl.  This  is  due  to  the  fact  that  the  major  restriction  with  Che  tight 
clearance  is  formed  not  by  the  area  of  the  orifice  incorporated  in  the 
insert,  but  by  the  annular  area  of  the  permanent  set  of  0.052  inch 
diameter  orifices  in  the  bearings,  or  combinations  of  both  restrictors 
in  series.  It  is  also  Interesting  to  note  that  in  every  instance  the 
onset  of  fractional- frequency  whirl  at  zero  supply  pressure  occurred  at 
a  higher  speed  than  at  50  psla  supply  pressure.  This  clearly  indicates 
Chat  in  many  externally  pressurized  gas  bearing  applications,  the  hydro- 
dynamic  effects  are  significant,  and  must  be  Included  in  stability  analysis. 

Results  given  in  figures  4-6  are  replotted  in  figures  7  -  9  as  functions 
of  clearance.  At  low  supply  pressure,  where  the  hydrodynamic  effects 
predominate,  the  onset  of  fractional- frequency  whirl  Increases  with 
increase  in  clearance.  This  should  not  be  generalized  since  the  authors 
in  their  past  work  (Ref.  7,  page  18)  have  shown  that  a  clearance  exists 
for  each  bearing  geometry  which  will  produce  the  onset  of  instability  at 
lowest  speed.  Either  an  increase  or  decrease  in  clearance  from  this 


-a- 


vtLue  will  produce  an  Increase  In  threshold  of  instability.  Orifices 
in  the  bearing  can  also  significantly  influence  the  threshold  of  in¬ 
stability.  The  hydrodynamic  effects  for  the  low  and  high  supply 
pressure  conditions  are  shown  in  figure  10.  Each  graduation  on  the  CKO 
screen  represents  0.0001  inch,  and  the  center  of  the  screen  represents 
bearing  center.  The  shaft  center  is  represented  by  the  whirl  paths. 

As  can  be  seen  with  the  bearing  geometry  Indicated,  when  externally 
pressurised  with  50  paia,  the  shaft  rests  on  the  bearing,  and  not  enough 
load  carrying  capacity  is  available  to  lift  the  6.57  lbs.  per  bearing 
load.  ^  soon  as  shaft  begins  to  spin,  horever,  the  shaft  center 
follows  a  hydrodynamic  path.  On  the  other  hand,  with  pressures  of  100  psia 
and  above,  the  position  of  the  shaft  when  rotating  does  not  differ 
appreciably  from  its  static  position.  The  whirl  amplitudes  at  speeds 
below  the  lowest  critical  are  caused  by  slight  amounts  of  unbalance.  The 
whirl  amplitudes  at  higher  speeds  accompanied  by  phase  changes  Indicate 
that  the  rotor  is  going  through  critical.  This  is  shown  more  clearly 
in  figure  11  where  pictures  show  the  rotor  unit  went  through  both 
crltlcals.  The  photo  taken  at  the  highest  speed  indicates  onset  of 
fractional  frequency  whirl.  The  frequencies  of  rotor  oscillation  at 
this  onset  could  not  be  determined  since  in  most  cases  the  onset  was 
quick  ared  violent.  Efforts  to  determine  the  onset  of  instability  at 
high  speed  and  high  supply  pressure  conditions  resulted  in  three 
bearing  seizures. 

4.  Effects  of  Load  cn  Onset  of  Fractional-Frequency  Whirl 

The  evaluation  of  effects  of  load  on  onset  of  fractional- frequency  whirl 
had  to  be  limited  tc  a  few  points  due  to  the  fact  that  onset  was  violent 
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and  destructive.  Again,  as  in  the  other  tests,  a  dependence  upon  the 
relative  influence  of  hydrodynamic  and  hydrostatic  effects  can  be  seen 
in  figure  12.  At  low  pressure  conditions  where  the  hydrodynamic  effects 
are  predominant,  the  effect  of  increasing  load  is  to  increase  Che  speed 
at  which  fractional-frequency  whirl  occurs.  At  high  pressure,  however, 
this  effect  beccnes  modified  due  to  the  increase  in  the  load  carrying 
capacity  of  the  bearing.  Figure  13  represents  effects  of  load  on  onset 
of  fraccional^frequency  whirl  at  constant  pressures  of  50  psla  as  a 
function  of  orifice  sise.  Again  at  these  Iw  pressures,  hydrodynamic 
effects  predominate  and  one  cannot  expect  to  obtain  appreciable  benefits 
from  ar change  in  the  size  of  the  feeding  restrictor. 

5 .  Load  Carrying  Capacity 

Results  on  load  carrying  capacity  tests  are  presented  in  figures  14  •  21 
where  the  test  data  is  superimposed  on  analytical  results.  Correlation 
between  theory  and  test  results  is  good  for  radial  clearances  of  0.001 
inch  and  0.0015  inch  up  to  eccentricity  ratios  of  roughly  0.5.  Above 
those  ratios  the  slope  of  the  load  vs.  displacement  curves  seems  to  be 
decreasing  for  the  0.001  inch  radial  clearance,  the  decrease  being  more 
pronounced  at  lower  pressures.  For  the  0.0015  inch  clearance  at  pressures 
of  100  psi  and  above,  the  slope  seems  to  be  Increasing  at  higher  eccentrici- 
t  ies  over  a  considerable  displacement  raftge  and  decreasing  again  as  the 
eccentricity  approaches  the  radial  clearance.  The  reasons  for  this  are 
not  apparent  at  this  time.  Considerable  disagreement  between  theory  and 
teat  data  appears  in  the  tests  Involving . 0 .0005  inch  radial  clearance. 

This  can  be  explained  by  the  fact  that  the  coefficient  of  discharge  for  the 
bearing  in  theoretical  analysis  was  matched  for  one  clearance  (c“0.001  inch) 


and  thereafter  used  for  all  clearance  theoretically  calculated. 

Blow  Measurements 

Results  of  flow  measurements  for  all  conditions  are  given  in  figurea  22  - 
24.  As  expected,  the  flow  is  dependent  upon  pressure,  clearance  and 
orifice  size.  The  effects  of  Inherent  compensation  are.  clearly  shown 
in  figures  22  and  23  where  changes  from  a  »  0.010  inch  to  a  »  0.015  inch 
do  not  result  in  appreciable  flow  changes.  Excellent  agreement  between 
theory  (as  indicated  by  dotted  lines)  and  experiment  is  Indicated  for 
radial  clearances  of  0.0005  and  0.001  inch.  Appreciable  discrepancies 
reachln,g  a  maximum  of  807.  at  the  highest  pressure  (200  psia)  are  Indicated 
for  the  radial  clearance  of  0.0015  inch.  This  again  can  be  explained  by 
the  fact  that  the  discharge  coefficient  in  the  theoretical  analysis  was 
matched  for  the  clearance  of  0.001  inch  and  used  for  all  other  clearances. 

The  effects  of  rotor  speed  on  flow  are  shown  in  figures  25  and  26.  The 
decrease  in  flow  with  speed  is  more  pronounced  at  higher  pressure  levels 
than  at  the  lower  levels.  * 

The  relative  comparison  between  discrepancies  in  flow  and  load  carrying 
capacity  results  show  that  in  both  cases  good  agreement  exists  at  the 
clearance  value  of  0.001  inch  as  expected  since  the  discharge  coefficient 
was  matched  for  this  particular  clearance.  At  the  minimum  and  maximum 
clearance,  however,  the  discrepancies  between  experiment  and  theory  are 
most  pronounced  for  the  load  carrying  capacity  at  clearances  of  0.0005  inch 
and  for  flow  at  0.0015  inch.  Tnls  observation  warrant.^  a  closer  scrutiny 
of  the  variation  of  discharge.  c;.-=f  f  ic  ieot  a;  a  t'f  change  in 

feeder  parameter  and  clearance. 


IV.  THBC&ETICAL  AtttLYSIS 

The  cheoretical  calculations  are  concerned  with  the  load  carrying  capacity  and 
the  gas  flow  for  the  purely  hydrostatic  bearing.  The  onset  of  instability  due 
to  rotation  will  not  be  analyzed.  The  present  theoretical  results  are  based  on 
the  analysis  presented  in  Reference  10.  Hcwever,  this  analysis  is  limited  to 
orifice  restricted  bearings  and  does  not  take  into  account  the  additional  flow 
restriction  caused  by  "inherent  ccmpensation"  (i.e.,  the  restriction  due  to  the 
annular  area  between  the  rim  of  the  feeding  hole  and  the  surface  of  the  Journal). 

For  the  present  test  bearing,  the  feeding  hole  diameter  is  sufficiently  small  to 
make  this  effect  very  important,  even  being  dominant  for  the  tests  with  the  largest 
orifice  size,  Thus,  it  is  necessary  to  incorporate  the  inherent  compensation  in 
the  analysis  of  Reference  10.  The  Journal  bearing  ^s  pressure-fed  from  orifice 
restricted  feeding  holes  on  the  clrcimference  in  the  centerplane  of  the  bearing. 

For  a  sufficiently  large  number  of  feeding  holes,  these  may  be  approximate^  by  a 
line  source  such  that  the  gas  feeding  becomes  a  boundary  condition  to  the  differen¬ 
tial  equation  describing  the  flow  in  the  bearing.  The.  differential  equation  is 
Reynolds  equation  which  for  a  perfect  gas  under  isothermal  conditions  may  be  written 

(P  ■  pressure,  psla  -  ■  film  thickness,  inch  -  x  ■  circumferential  coordinate, 

inch  ■  z  -  axial  coordinate,  inch). 


To  make  dimensionless  set: 

(R  ■  bearing  radius,  inch  -  C 


2L  p-  1  LsKccose 

R  Sr  Pa 

■  radial  bearing  clearance,  inch  -  "  ambient 


pressure,  psia  -  t  “  eccentricity  ratio). 


Then: 


(2) 


Writing  the  pressure  es  e  power  series  of  the  eccentricity  ratio  £  ; 

P-PofeP,t£^P^-^ -  (3) 

and  substituting  back  into  Eq.  (2)  yields: 

Po'-l-r'd-t) 

^  0  <5) 

de’-  dji 

■  L/D  -  L  ■  bearing  length,  inch  -  D  -  bearing  diameter,  inch  •  p  ••  feeding 
constant,  to  be  determined  later). 

Terms  of  higher  order  than  the  first  shall  be  neglected,  l.e.,  we  assume  that 
is  small. 

Zn  Che  center  of  the  bearing  •  0)  the  mass  flow  through  the  feeding  holes  are 
set  equal  to  the  flow  leaving  through  the  bearing. 

Zc  shall  be  assumed  chat  the  flow  through  the  feeding  holes  may  be  considered  as 
a  flow  through  two  orifices  in  series  with  the  same  orifice  coefficient,  but  with 
different  flow  area.  Then  the  exact  mass  flow  equation  is: 

(M  ■  mass  flow,  lbs.  sec/in.  ■  R  ■  gas  constant,  ln.^/8ec.^®R  -  T  ■  absolute 

temperature,  ^  •  *^1  >■  adiabatic  orifice  coefficient  -  K  ■  adiabatic  exponent  - 

Fg  "  supply  pressure,  psia  ’  *  downstream  pressure  after  second  orifice,  psia  - 

^2  *  pressure  between  first  and  second  orifice,  psia  -  -  area  of  first  orifice, 

In.^  -&•  area  ratio  between  first  and  second  orifice).  In  Eq.  (6)  the  pressure 

k/k-1 

ratio  (F2/Pg)  and  (F^/F2)  cannot  exceed  the  critical  pressure  ratio  (2/k-tl) 

To  remove  this  discontinuity  Bq.  (6)  shall  be  replaced  by  an  approximate  expression: 


M  =- 

VrT  •  V 


I-®' 


(7) 


(  d'  =  orifice  coefficient). 
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A  graphical  ccoparlBon  between  Bq.  (6)  and  (7)  based  on  K  ■  1.4  shows  that 

■  .78  ;  setting')^  ■  .95  gives  .71  which  value  has  been  used  in  the 

present  calculations.  The  flow  per  inch  circumference  from  the  feeding  holes  is 

V  M 


the 


where: 


“  number  of  feed^  holes).  Equating  this  to  the  flow  per  inch  into 


Ar 


6  u. 


(8) 


(9) 


■  viscosity,  Iba. sec/in  -  a  ■  orifice  radius,  inch  -  V  ■  pressure 

2 

ratio  •  <J*  ■  a  /dC,  orifice  area  ratio  -  d  ■  diameter  of  feeding  hole,  inch). 

e 

Using  Bq.  (8)  as  a  boundary  condition  to  Bq.  (4)  and  (S)  and  proceeding  as  in 
Ref,  10  we  obtain  the  bearings  load  carrying  capacity  and  fl.ow: 


4  S[cesKlfA%a'-s(nh|] 


l«  TTC^Pg  .  1  I  be.  sec 


(10) 

lbs 


(11) 


where: 


1|i  w  =  I  €  tUt  (p  U")  -  ehf  (y) 

e 

Except  for  the  factor  — ,  in  Eq.  (10)  and  the  modification  of  these 

1  -h  o  A 

two  equations  are  Identical  with  the  results  obtained  in  Ref.  10. 

From  Eqs.  (9),  (10),  and  (11)  numerical  results  are  obtained  for  the  load  carrying 

capacity  and  the  flow.  The  results  are  plotted  together  with  the  enperixental  data 
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in  figures  14  ■  24.  The  ceLculetiona  ere  besed  o&  the  following  date: 

Bearing  length-to*dlainater  ratio  ^ 

Bearing  radius  R  >  1  Inch 

Radial  clearance  C  -  .0005  Inch  -  .001  Inch  -  .0015  Inch 
Diameter  of  feeding  hole:  d  -  .052  Inch 
Ihmber  of  feeding  holes:  N  ■  8 
Orifice  coefficient^  ■  .71 

Orifice  radius  a  ■  .0055  inch  -  .010  inch  -  .015  inch 
Ambient  pressure  ■  14.7  psia 

Supply  pressure  Pg  ■  SO  psia  •  100  psia  -  150  psla  -  200  psia 
Gas  viscosity /a  ■  2.828  x  10*^  lbs. sec/in. ^  (air  at  70°P) 

Gas  constant  x  Total  temperature  T  -  339,300  Ibs.in/lbs.  (air  at  7C°F) 


Whirl  Analysis 

If  one  accepts  Che  model  of  a  constant  speed  whirl  motion  centering  sround  the  axis 
of  the  bearing  such  that  the  orbit  of  the  shaft  center  is  a  circle,  then  It  h.is  been 
shown  rigorously,  for  an  lecthermal  gas  film,  that  the  effective  bearing  number  is 
(Refs.  1,  2,  3): 

A*  • 

More  specifically,  with  the  approximations  of  small  A*  end  e/C  the  hydrodynamic 


(12) 


film  forces  during  a  steady  translatory  whirl  motion  ace: 

^rh  -  ^2  e  i 

Fth  ■  \  (w-  2«)  0  : 

where  and  are  functions  of A  and  L/D,  and  have  the  dimensions  of  the  product 
of  the  stiffness  and  the  first  and  second  pcwers  of  time  respectively.  Using  these 
relations,  following  ar.  analy.sls  otherwise  similar  to  reference  4,  the  ccnditions 
for  neutral  stability  (self-sustained  whirl  motion)  are: 


1 


(13) 


- 

60o 


-  2  +  (T^  .  Tj)  IIl. 


(14) 


vhare 


n*  whirl  apeed, 

CO*  ahaft  spaed  at  neutral  stability, 

*’'1*^2  "  constants  of  pressuriaatlon  system, 

(1^ 

■  m 


UJ. 


Above  results  also  employed  the  assumption 
c<  1 


The  above  result  can  be  rearranged  as 
\  -  y  -  2  -  (Ti  -T,)  hi  ; 

a  h 


(15) 


A  . 

COo 


(16) 


which  reveals  the  Interesting  conclusion  that  the  self-sustained  whirl  can  be 
suppressed  If 

2*2  >.  1 

-r^  ^  r? 


m 
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V.  CONaUSIOKS 


1.  Good  Agreement  on  load  carrying  capacity  and  flow  for  certain  clearance  values 
was  noted.  Ihe  disagreements  between  test  and  theoretical  results  for  other 
clearances  can  be  attributed  to  the  assumption  of  constant  coefficient  of  dis¬ 
charge  in  calculations  which  was  matched  for  one  particular  clearance,  but  could 
have  been  matched  for  other  clearances. 

2.  Based  on  load  carrying  capacity  solutions,  good  agreement  between  calculated 
and  observed  system  crlticals  was  obtained. 

3.  Onsets  of  fractional- frequency  whirl  are  a  function  of  bearing  geometry,  load, 
speed  and  supply  pressure. 

4.  hybrid  bearings,  depending  upon  supply  pressure  level  and  bearing  geometry,  can 
be  subject  to  hydrodynamic  forces  which  will  have  a  net  effect  of  producing 
destructive  self- sustained  whirl  at  speeds  lower  than  that  of  onset  of  half- 
frequency  whirl,  if  the  bearings  had  been  purely  self  acting  (see  figures  4-9) 

3.  Effects  of  increase  in  load  on  onset  of  fractional- frequency  whirl  are  pronounced 
at  low  supply  pressures  when  self  acting  effects  predominate;  same,  however, 
become  negligible  when  supply  pressures  are  raised  to  the  point  where  static 
load  carrying  capacity  of  the  hydrostatic  bearing  does  not  result  in  significant 
eccentricity  at  the  higher  pressures  and  given  load. 

6.  Air  flow  in  hybrid  bearings  decreases  as  speed  Increases. 

7.  Theoretical  analysis  indicates  that  whirl  ratio  is  a  function  of  lead  and  lag 
time  constants  and  the  ratio  of  hydrostatic  gas  film  stiffness  to  the  tangential 
hydrodynamic  gas  film  stiffness.  The  whirl  ratio  can  be  larger  or  smaller  than  2 
depending  on  the  sign  of  the  difference  between  lead  and  lag  time  constants,  When 
hydrostatic  effects  become  negligible,  the  ratio  approaches  a  limit  of  2. 

8.  Theoretical  calculations  indicate  that  onset  of  TFW  can  be  suppressed  if 

2  Kj/n  ^  ^ 
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Table  I 


Ina  tab  ill  tie  a 

L/D  -  .5,  D  -  2.00",  W  -  6.57  Iba/brg. 
8  Orifices  In  Central  Plane 
^Calculated  -  all  others  observed  on  test 


_ C  "  0.0005" 

Orifice 


Dla. 

Press. 

CJt 

PFW 

IN. 

IHBTTfVi 

RPM 

RPM 

RPM 

4/3 

5/3 

0.030 

50 

12,600 

0.020 

80 

100 

13,400* 

17,200* 

21,640 

1.285* 

1.61 

150 

22.000* 

28.300* 

33.000 

1.285* 

1.50 

0.011 

50 

11,700 

80 

16,300 

100 

16,800* 

21,600* 

22,500 

1.285* 

1.34* 

_ 150  ^ 

25.800* _ 

33.200 

33.000 

1.285*  _ 

1.28* 

C  -  0.001" 

0.030 

50 

7,680 

10,200 

16,240 

1.33 

2.12 

80 

12,100 

16,500 

38,640 

1.36 

3.18 

100 

14,300 

20,780 

54,220 

1.45 

3.80 

16.600 

62.260 

1.32 

3.75 

0.020 

50 

7,600 

10,200 

16,280 

1.34 

2.14 

80 

12,000 

16,400 

35,300 

1.36 

2.94 

100 

13,500 

21,200 

51,000 

1.57 

3.78 

150 

16,000 

22,600 

62,300 

1.41 

3.90 

200 

17.000 

23.500 

70.000 

1.38 

4.12 

0.011 

50 

8,000 

11,600 

15,350 

1.45 

1.92 

80 

11,000 

16,600 

22,000 

1.51 

100 

12,600 

20,800 

40,600 

1.65 

3.22 

_ _ 150 _ 

Air 

htuoser 

C  -  0.0015" 

0.030 

50 

6,700 

1.42 

3.43 

80 

8,100 

11,600 

38,500 

1.43 

4.75 

100 

8,900 

13,000 

55,000 

1.46 

6.20 

150 

10.000 

14.400 

64.000 

1.44 

50 

6,700 

9,300 

20,600 

1.39 

3.08 

80 

11,600 

35,600 

1.43 

4.40 

8,870 

12,400 

47,000 

1.40 

5.30 

.  150 

14.200 

62.000 

1.45  .  _ 

6.42 

0.011 

50 

8,000 

17,000 

1.33 

2.84 

80 

9,030 

21,200 

1.29 

3.03 

100 

11,200 

22,400 

1.44 

2.88 

150 

10,100 

12,450 

25,200 

1.235 

2.50 

-?.o- 


TABLE  II 
Crttlcala 


Connarison 

of  Observed  with 

Calculated 

Criticals 

L/0 

-  .5,  D 

-  2.00"  W 

■  6.57  ^/bearing 

Orifice 

Eadlal 

CJc _ 

** 

_C0t  .. 

* 

Dia. 

Clearance 

Press. 

Obs.  aPM  Calc.  RPM 

Obs.  Rpm 

Theo.  Rating 

Calc. RPM 

in, 

in. 

RPM 

0.030 

0.0005 

50 

14,238 

0.020 

100 

13,400 

28,743 

150 

22.000 

37.395 

0.011 

17,953 

16,800 

32,458 

150 

25.800 

41.014 

0.030 

0.001 

50 

7,680 

9,230 

10,200 

14,047 

11,870 

14,300 

16,860 

20,780 

20,120 

150 

16.600 

19.150 

24.600 

0.020 

50 

7,600 

9,240 

10,200 

14,524 

11,870 

21,300 

100 

13,500 

16,600 

20,455 

150 

16,000 

19,700 

■tHtW 

24,064 

25.300 

28.300 

26.566 

0.011 

50 

8,000 

11,350 

14,911 

14,600 

100 

12,600 

17,800 

20,800 

20,101 

22,900 

• 

Air  Hamer 

23.472 

0.030 

0.0015 

IBI 

6,700 

8,000 

10,600 

10,280 

Bvi'H 

8,900 

10,900 

13,751 

14,000 

12.1i0._ 

16.024 

0.020 

50 

6,700 

8,050 

MBSSM 

10,418 

10,300 

100 

8,100 

10,000 

11.920 

13,385 

13,600 

9.800 

14.200 _ 

16.243 

15^300 

0.011 

50 

6,820 

8,699 

8,760 

100 

7,800 

9,620 

10,217 

12,370 

10.100 

11.000 

12.450 

..ILQ.52,.  , 

14.200 

*  Calculated  from  static  load  carrying  capacity  curves 
**>  Calculated  on  basis  of 

(Jc 


-  1.285 
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GAS  BEARING  TKST  SETUP 
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SOPFIT  PIESSHIC  -  PSM 


ONSET  OF  FRACTIONAL  FREQUENCY  WHIRL 
VS. 

SUPPLY  PRESSURE  ^  ,5 

(Effects  of  clearance)  q  =  2!oO‘ 

a  =  .016* 

.•e  =  .0005* 
□•c  =  .001* 

A-c  =  .0015* 

»  =  6.57  LBS. 
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Sjmudo  Bshtrlor  of  Shafts  Supported  on  ExtemsUy  Pressurlasd  Bearings 

Load  6«57  Ibs/bearing 
0  -  .0005" 
a  -  .015" 


P  ■  50  psia 
Static  dot  -  bottOQ 
2,000  R?M 
5,000  RPM 
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Static  dot  -  1  grad. 
2,000  RPM 

10,000  RPM  (large  ampl,) 
17,000  RPM 


P  -  150  psU 
Static 
10,000  PJK 

20, OX  PPM  (large  ar.pl.) 
30,000  ?.fM 


P  ■  2X  psia 
Static 
10, XO  RPM 

20,000  P.??-'.  (large  air.Dl.) 
30,000  RPM 


FIG.  10 
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Djrnanio  B«hAvlor  of  Shafts  Supported  on  Carnally  Preasurlssd  Bearings 

Load  6, $7 
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a  -  .015" 

P  •  50  psla 


Statio 
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FIG.  11 
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SUPPLY  PRESSURE  -  PSU 


FFW  VS.  LOAD 
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C  =  .001' 
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LOAD  vs.  ECCENTRICITY 
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FIG.  15 


-37- 


LOAD  vs.  ECCENTRICITY 
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LOAD  vs.  ECCENTRICITY 
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FIG.  21 
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FLOW  VS.  SUPPLY  PRESSURE 
(Effects  of  orifice  size) 


L/0  =  .5 
D  =  2,0' 

C  =  .0005* 
&-a  =  .0055' 
.•a  =  .010' 
s-a  =  .015' 
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(Effects  of  orifice  size) 
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C  =  .001* 
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_ TEST 
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FIG.  23 
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FLOW  VS.  SUPPLY  PRESSURE 
(Effects  of  orifice  size) 
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P.  O.  Box  86 
PQ't  Lavaca,  Texas 
Attn;  Mr,  James  D,  Mamarchev 
Consulting  Engineer 


Convair 


Fort  Worth,  Texas 
Attn:  Mr,  L.E.  McTaggart. 
Engrg.  Annex  No.  1 


Sr.Dea.Engr 


CurtisB-Wright  Corp. 

Wright  Aeronautical  Division 
Department  8311 
Wood  Ridge,  New  Jersey 
Attn:  Mr.  W.J.  Derner. 
Chief  Project  Engr. 


Daystrom  Pacific 
9320  Lincoln  Boulevard 
Los  Angeles  45,  California 
Attn:  Robert  H.  Smith 

Special  Project  Engr. 

Dynamic  Controls  Corporation 
14  Runde  Lane 
Bloomfield.  Connecticut 
Attn:  Mr.  Thomas  P.  Parkas 

E.l.  DuPont  de  Nemours  and  Co.,  Inc. 
Wilmington  98.  Delaware 
Attn:  Dr.  McNeilly 

Mechanical  Development  L*b. 

Electronics  Systems  lAborato^ 

Federal  Telecommunications  Labs. 

Nutley,  Ne'*' 

Attn:  Mr.  John  Metager 

Ford  Instrument  Co. 

31-10  Thomson  Avenue 
Long  Island  City  1.  New  York 
Attn:  Mr.  Jarvis 

Ford  Motor  Company 
Dearborn,  Michigan 
Attn:  Prof.  Adolph  Egll 

General  Atomics  Div<slon 
General  Dynamics  Corp. 
p.  O.  Box  608 
San  Diego  12,  CaUfomia 
Attn:  Mr.  F.W.  Simpson 

General  Engineering  Laboratory 
General  Electric  Company 

One  River  Road 
Schenectady  3.  New  York 
Attn;  Dr.  Beno  Sternlich- 
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Sperry  Gyroa^pe  Comply 
-lx  115  '  ' 

-Great  Neck,  1*  I. ,  New  York 
Attn:  Mr.  John  W.  Steve  a  1 

Stevens  Institute  of  Technology 

Hoboken,  New  Jersey 

Attn:  Prof.  P.  F.  Martinuzei  1 

Stratos  Division 

Fairchild  Airplane  and  Engine  Co, 

Bay  Shore,  L.  I. ,  New  York 

Attn:  Mr.  George  Mackowaki  1 

Sundstrand  Turbo 

2480  West  70th  Avenue 

Denver  21,  Colorado  1 

Thompson  Ramo  Wooldridge  Corporation 
P,  O.  Box  90534  Airport  Station 
Los  Angeles  45,  California 
Attn:  Mr.  Robert  I.  King  F1829  1 

AiResearch  Mfg.  Co.  of  Ariaona 
P.  0.  Box  5217 
Phoenix,  Arisona 

Attn:  Librarian  2 

Waukesha  Bearings  Corporation 

P.O.  Box  346 

Waukesha,  Wisconsin 

Attn:  Mr.  J.M.  Gruber,  Ch.  Engr.  1 

Tribo-Netics  Laboratories 
Vermilion,  Ohio 

Attn:  Mr.  E.  Fred  Macks  1 

Universal  Match  Company 
Avionics  Dept.  Technical  Library 
4407  Cook  Avenue 

St.  Louis  13,  Missouri  1 

USI  Technical  Center 

3901  N.E.  12th  Avenue 

Pompano  Beach,  Florida 

Attn;  Dr.  W.C.  Knopf  1 

School  of  Mechanical  Engineering 
University  of  Pennsylvania 
Philadelphia  4,  Pennsylvania 
Attn:  Prof.  P.  R.  Trumpler,  Director  1 


Westlnghouse  Electric  Corporation 
Research  laboratories 
East  Pittsburg,  Pennsylvania 
Attn:  Mr.  John  Boyd 

Westinghouse  Electric  Corporation 
P.  O.  Box  868 
Pittsburg  30,  Pennsylvania 
Attn;  Mr.  J.K.  Hardnette 

Vice  Pres,  and  General  Manager 

Worthington  Corporation 
Harrison,  New  Jersey 
Attn:  Mr.  H.  Walter 

Director  of  Research 

Litton  Industries 
336  North  Foothill  Road 
Beverly  Hills,  California 
Attn:  Dr.  J.S.  Ausman 
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